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Abstract . l’;volutlio]l  o f  II]a~,l]ctlic 100])s associatc(l  wit]] coroIIal  IIIaSS cjcctio]ls

iI)volvcs a Ic:(listlil)llt,ic)I]  of solar  lnaf;]lctic  l)clicity. ‘J’l)(:co]lsc:ll’:ltio])”  ofII];i~,]l(:tlicllclicity

tjll(:l] i]]]])lics  tJlatj  cj(:ctioll o f  llclicity  into tl]c  solaI }vi]l(l  IIas to 1)(: :]c(()]Il])z]lli(cl  hy

cllc{l])tlllrc  of all cqllal  a]]loul)t, of llclicity  of o])]msitc  si~,i] at tllc  SLIII. A si]ll])l(:  II Io(lcl

i s  co]wtm(:t,(x]  w h i c h  i]lclu(lm t,}lis  cfld MI(I otl)(:r hill])  cflds 011 tllc  evolutio]l  o f

‘I’IJc IIIo(lcl i]](li(::lt(stl  ]:itl  tltc:lll:lg,l](tli(:  II(!li(ityof  c:i(:l]  lic’]rlis])llcI(:c)f

d)OLlt a IIl(! fill Wlt]l  t,]l(! ]I:llf-])(’l’lod Of tll(:  SOIL II’ (@(! (1 ] ~(1211’S ) .  ‘J’],(!

IJ(:]r)is])l]c]c(lc)(’s  I1OL cl]a]l~,(:sip,]]  fro]]] oIlc 11 ycar])criod  totf]]c]lcxl.



lntrodudion

‘J’lIc  lIIagIId,ic  f i e ld  s t ruc tu re  ]Jlays  aII iIJl])ortjallt  ro]c ill tllc tra~)sfcr of cIIcIp;y

l)rtw(x!rl  t!llc solar ]) I1OWI)lICI’(!, tll(! corolla) al]d tl]c solar wi]ld,  l)y Ilalnical  cl IaIIgcs ill

tlIc ficl(l s t ruc tu re  allow  tl]c rdcasc of stlorcd I])ap;llctic  cr]crgy  duri  I)f; f]arcs,  Illicroflam+,

alId corol]a]  lIIass Cjcctimls. i14aF;llctic  stmctums  arc ty~)ical]y  tlltc{:-{lilllc]~sioll:il  mid

Cx])cctjcd  to bc tlol)ological]y  I lolltrivia]. lJOI cxa II I])lc,  110 al]d X-ray olxmvatiolls

])rovidcd  l)y tllc  &)]aI  MaxiJIluI1)  h4issio11 aIId }’()]]]{()]]  illl])]y t]iat, twistd aIl(] I)rai(ld

IIiap,l]ctic  flux tu}.)m collst, it, utc a basic structural clcIIIcIlt of tl)c solar at,IIlos])llcrc [110USC

aJld ] k’l”~, (!l”, 1987, Sllilmt}a ct al., 1 992]. lIltcr])l:lrl<:t:lIJ’  clouds  associat)cd  with comlIal

II~ass  cjcc:tioll)s  (CM 1’;s)  ill iI)tcJI~~l:]~)ct,:lI~~  S]XICC reveal IIdica]  IIlagllctic  fields [1 ,cl)~)ill~,  CL

al., 1990]. SInitl)  and 1 ;icl)(!r  (1 993) IIotd that tl)c iI]t(:I}JliillcttiIy  I]la?,llctic field at 1 All

i s  IIION: tig,l]tly  WOUIIC1  tl)a,l~ would bc cxl){ct,(!d for tllc  1 ‘arkcr)s  s))ira]  aIId i~)tcl])rctcd

tl)is “ov(:I\t’illcliIlg’” as a)] csca])c  o f  tlllc l)clica] toroida] IIlagy]ctic  fic]d fro]]) t,l)c ,Su I1.

l{ust  (1 994) ~wi]~t,cd out, ~lIai, tllc sign of IIlagllctic  field twist (callul  ‘(tllc! clliralitly’)  ) of

a Cloll(l Col’rcs])or]ds  to t,llc ])lcdollli]lar]t  clliralit~~ of filaltlcllts  ill t]lc solar l)c]llisl)l)crc  ill

wl)icll  that  cloud  ori~,illatcd, ‘1’hc clouds’ cllirality  agrwx with tl~at dcducd fro]]) 11a

c)l)s(:l~’~ltiolls  [M art)ill CL al., 1994]: clouds  w’itli  tlIc ICft)-llalidcd  lI]a~,Ilctic  co]lfigurat,iml

sccl II to COIIIC frc)l)l  t,}l(:  lIOIt]ICIIl  llcl[lis~)llflrc  a]ld li?jltl-]ltillclc:cl  OIICW COIIIC fro])] tl)c  south

[lwt a,,d Ku,nal, 1 994]. ‘1’hc ~)Iwl)lcIII of ])rcdictiI]g, tllc  sign of lllap;~ldic field twist ill

(~h4 ]Ik aIId iJltcI’j)l[LI]c:t:iI~~  Illagl]ctic  C1OU(IS is discussed ])y h4cAllistcr  a~)d M al”till  ( ] !){)6).

’110 Illakc SUC}I ]Jrcdictio]ls  SOIIIC  IIlccliallislll  (Icsc:ri])ilig  t]lc c)ligill  of t,l]c ]Ic]ica]  ]Ilag]lctic

fi(!l(l  IIas to k! asslllllcd. I t  has bcm] l) IO]) OSCXI that llclical  lna~;[lctic cc)llfig;~llzltic~lls

oligillalx>  fron t}lIcc:-cliIIlcl]sioll:l]  lJlagIlct,ic  I(:cc)ll]lcct,iol)s  {)f CIxt(:ll(]cd Cc)r{)l]a] ]o()])s

wllic}l  lxxwIIIc  CN41’;s  as  t,llcy discol)l]cct  frolil tllc  SIIII [Gosli]lg ct d., 1 9 9 5 ,  Xc also

Cmokw  ct al., 1 990].

hjag;llctic  rcco])llcctimls  ill t])c hig]l]y  collductiljg  so]ar  comIla,  11 OWCVCI’, catl IIot,

rcslllt i)] a, jl~a~]~d,ic  Cm]lfir,uratioll  IIavil]g lldicity  of oIIly OIIC sig,I]. ‘J’lIc mason is that
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struct,urc  of llla,~;llctic  ]ill(:s  is c}):l~ti,ct,cliz(:(l  I)y a, to]mlogic:il  iJl~’a.rial]t  - k~low~l

a.s L]](!  711ag?Lctic hdidy f]] x Ad:{x,  wl)(:rc  ] ] is i]lc  IIlagllctic  fid(] all(] A is its vector

])otmltial.  ‘1’llc II(:licity  il]variallt  is a coIIscrvd  il]tcxral  ill all iddly  coll(lllctillf,  f l u i d

[hl(,f~ktt, 1978]. ‘1’l)c c(,,]s(!],~~ti(,l~  of tllc  ,,)agl,ctic llclicity  ill tllc  liigli]y col,ductil,~,  solar

:Il)d  }lclios])llcric  ])lasr]las  s u g g e s t s  tll)at)  l)y ltlcasurill~,  tl]is qual]tit,y  ill  tllc solar w’i]]d,

ol)c cm) obtail]  valual)]c iIlforlllat,ioll a]wut solar act,ivit,y. Wllc])  t,l)e lrlagllct,ic fi(’ld  call

be collsidcrc(l  as (Jlgal)imxl  into flux tul)(w, tllc  collt~il)(ltiol]”  to t)})c llcli(:itj’  cmrlcs fro]]]

LIJ(: twist aIId witlLc (cullill~, of tl~(: IJlagllctjic  field into coils or folds)  of tl]c i])divi(lua]

flllx tul)cs  a]]d Zi?lks bctwccll  difl’crc~lt  flux t,lllws [1 lcrgel alI(l }Jicl(l 1 9 8 4 ,  Wrig,lltJ  and

] )( ’I”,g,(!l’,  1 !189].  ]t ]]as bccv]  SIIOWII that tll(:  ]lla~,l](:t,i(:  ]Iclicit,y C:LI1 cflkct,ivcly sul’vivc tllc

])roc(!ss of n]agrlctic li]]c I(!collllc(:tiolls”  ill llip,l)ly  coll(lu(:tlillp,  l)lasIJla [rj’aylor, 1974, 1 icrgcr

1984, l{uzll~aikil]  and Ak}llllcticv  1994]. (Altllou{;])  duc to a  fiuitc  collductivity  tllc

IIclicity  i s  Ilot, cxact]y  collscrvcd,  its cl]al)p,c  rcquims  a lnucl] loIJgcr  t,ill]c  tllal)  does  tllc

Cll:lI)gC! i]) tjllc lna,y)ctic  cIIcIgy.) \Vllatl l)a~)]x:]ls ill mcollllcctiolls  am tl:l]lsfoll]l:ltiolls  o f

t})( tl]rcc  for]]ls of hclicity  illt,()  cac}t other -  for cxa,ltl])]c tlvo Iillkc(i  IOO1)S call ]Ilc]p,c  into

O]IC wit]] t}lcir link b(!il]g collvcrt,cd il]t,o a t~vist or writ,}lc  - with  collscrvatio~l  of tllc total

IIclicity. ‘-I1l]c crcaticn]  of IIdicity  of a siJlglc  sif,ll I)y lc!cO1lll~:ct,iolls”  llc]lcc would  v i o l a t e

tllc  collscrvat,ic)ll  of }lc]icity ill IIi:)lly  coll(lucti)lg  J)la.slIlas. What takes ~)lacc  ilJstca(l is

(!itllcr a l[:(list]il)lltioll  of Illag[lctic  llclicity  or tl]c crcatioll of equal  :Ill]oullts  of }I(!licitly  of

both  si[;]ls  followed by lc(listr-il.)lltic)]l  of tllc  }Iclicity. ‘l’llus, to l~c ill a~,rccl]lclltl  with t h e

collscrvatioll  of Ills.gllctic IIclicity, tllc  cj(!ct,ioll  of IIc]icit,y  illt,o  irltcI])lallcttlly S])acc has

to lw :l(:coJ1llJ:llli(:cl  wit,}]  Ll]c (!jcctio]l  of ()])])()sit(:-si:,llc(l  ]Ic]i(:ity  into arlotlllcr volulile  of

sl)a(:c aIIC]/01 ~llc cllcal)tlllc  of all c(lua]  Z],l]lollllt,  of ]Ic]icity  of O])]msit,c sip;r) at tll(!  S1111.

‘] ‘]JC l)l”cscllt  ]m~)c!r  wil] illllstratc  first  - ta,kil]g as aII cxaLn])]c t])c struct,L1l’c  Cmlsidcrcd

l)y GosliIl:,  et’ al . , 1995-  }Jow lnag[lctic  rccollllcctiol]  aIIloll/;  Illagllct,ic lo(q)s ohscrvc!d

to  bc r o o t e d  ill tllc pl]otos~dlcrc  call illtro(lucc  Ilclicity  irlto m cru~)tillg  lna?;llctic  fidd

[l(:(:(JI1lI):L,Ilic(]  wit,]l  aLI cr]ca~)tur(!  of l](:licit<y  l)y tllc  SL1l]. ‘I’]](:J]  a silll])lc tllcorctical lllodcl,
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wl)iclI  includes the cfl’(!ct of l~clicity  wlca~)turc  a]~d otllm’  hll 11 ) cfl”ccts  coIltIil)t]t,iIlg;  to

IIt:licity Cvolutiwl  i]] tlIc Sun,  will bc col IstJuctcd.  ‘J’lJc lliodcl  ill(licaks  that tlI(> lllag,l]ctic

II{licity  of (IaclI llclllispllcrc  of tllc  Sun oscillat~!s  alwut a lllcall wit]! tllc  lldf-~mid  o f

tll(’ solar Cycle (1 1 years). It also ~Jrcdic(s  that tlJc l)(:licity irl a giv{!ll  llclllis})llcrc dots

]Iot cl)an~,c sig,~l  frolll OIIC 11 y e a r  ]mriml to tl]c  l]cxt.

l’imt, IIO(C tl~at tllc collcc])tj  of ‘(tqmlop,y” of a sil)p,lc  l]laf,llctic  IiI]c is ll]cal)il]glcss.

‘J’}Jc lillc lIa.s to IN lillk(d  with a[lotllcr lillc or t w i s t e d  amu~]d alJot}lcr lillc. ‘1’IIc

collvcl]icllt  tolwlop, ical object is a II]agllctjic  f lux tulw wllicll cm] carry  lllap,[lc~ic  }Iclicity

iil t?]c forlll of tJvist m]d writ ]lc. A coil(!d (writ,llul  ) ]lla~,lld,ic flux tube call lW })wduccd

I)y Iecollll(:ttic)lls  bctwcml  Illagllct,ic ficl[]  li])cs of two flux tul)cs  t,l]at }Iavc clr]crg,cd  almvc

tl~c solar surface (see l“is,ure 1, follmvillg Goslil]g  d al., 1 995). ‘~’llis ty]x! of ~)icturc,

lIowcvcI,  dots IIOt carry miougl) illfo:lllatiol~  to l)c al)lc  to s t a t e  wllctllcr o r  not tllc

flllx rt)l)c ]]as lnag]ld,ic  llelicity.  hlagllctic  llclicity is a ]IoI1-local quantity  - bccallsc t}lc

vec to r  ]mtclltia]  at a givcll ]millt  is dctm’I1]illcd  by tllc  Irlagglct,ic  field froill all })oillt,s.  11~

this lmrticular cxalIIl)lc,  dc~)mldi]lg  0]] IJow tllc llliLf,Ilctic  li]lcs motwl into tl]c Sun  [Lrc

C(lllllcctc(l Ivitll (:dI Otllcr ulI(lcI  t,l Ic sulfacc,  tllc illit)ial  llla,gllctic col]figuratioll  lfiay or

lJlay  IIot ]Ia17C  ~ldicity.  ~otc t h a t  a coil (W1’it]lc)  OII a c]os(d f]ux t,ubc  is  (!(]uiw]cllt,  to

II(!licity  [1 lcrgeI  aJId J“icld 1984, \YJigllt  al]d 1 lcrp,t!r, 1989). III older  to visualize t}]is,  OIIC

call collsidcr  two field lillcs il) a clod figuw-8 flux tulw mld try to drag olJc lillc a w a y

fr(jlll  tllc  otl]cr  (Irigurc  2),

Col]scnwtion  of IIlagllctic  llclicity  illl])lics that if l)clica] Il)ag]tctic  fields csca])c  i]lto

tllc solar wind,  all c!qual  alnollllt  of IIlagllct,ic lldicity  of o])]msitc  sig;ll  l]as to bc Ca])turcd

a t  tllc  SUII. ‘J’lIC  third  ~w~ of l“ig,urc 1 ~,ivcs all illustratlioll  w)Iat  lla~)]wlls l)cll{!atjll  tl]c

solar Surface.
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A Model of l{kolution of M agnc:tic 1 Idicity

‘~’llc saltlc  Collscrvat,io]l  l a w  illllil)its  tl]c crcatioll of ~)lap,]lctic  }Iclicity  illsidc  tlll(’

Sul I, ‘1’l]c o]l]y cfl’dive way of lllag,ll(!tic  l)clicity  l)roductioll  is again tmscd  oll tllc idmi

d tfl)c  lldicity  l’c(listfl’il.)  lltic)ll. Suc}I lnagllctic ))clicity  ])roductiorl  ill a fully dcvclold

killctical]y  ]iclical tutl)ulcl]cc  h a s  lmc]l clclll{)llsLl:\t,c{l  ill  llull~crical silllulatiol)s  [1’ouquct

ct al.,  1978]. 1]] tl]csc  silrlulatiolls  tllc  systcII] w a s  cxcit,{!cl  by  illjcctioll  of killct,ic  cllcr~,y

a]](l killct, ic l~clicit,  y (wllic}]  is I]ot,  a col)scrvcd  qllalltit,y)  at sor]]c lmsic sca]c. A s]l]all

all)oulltl  of lnagllctic mlcrf,y  wa.+ also $,ivcll  i~lit,ia]ly. ‘1’1101,  a s  t,illlc  il~crcascd,  tllc

l]la~,llctic cr)crgy grew at, ])rogrcssivc]y  larger sca]cs. No ~llagy)ct,ic  iiclicity  was ~,ivm]

i]litially.  IIowcvcr,  LIIC Illagllctic,  llclicity  al)~)(’arcd a,s t,ilr}(: illcrcascd.  ‘J’l)is  IIclicity  liad

t,ll( SaIIIC  sigl)  as tlic  killctic  IIclicity  at tlIC b a s i c  s c a l e  aIId t]IC o])~wsitc si:,Il  a~ ]aIg(v

Seal (:s . ‘1’1111s,  II)agl)ckic  l)dicity  CaII I)c ]) IdIIcc(]  at SOIIIC sca]c wit]] t,ljc silllll]t,:i~lc’c)lls

])ro(luct,iol]  of o])]msitc  sigll(xl  IIlagllctic  llclicity  at aIlot,lIcII,  lar:,cr or sIIIalleI,  s c a l e .  III

t}lc: siiIll)]c  IIICK]C]  coIIsLIuctcd  bc]ow oII]y t,]Ic cvo]utio]l  o f  t]lc laIgc:-sca]c ])aIL o f  t])c

lrla~,llctic IIclicity  is Collsidcrd. ‘J’llc role of tl)c  :lccc)llll):ll)yil)p,  sIIIall-scale llclicity  alI(l

colIsc(Iuc  IIccs of tllc l)clicit<y  scImratio  Il will l)c (]iscussc(l  ill a sc~)aratjc ])a~m.

1  3(sinOA)
I{r:

1 8(IA )
,]]. ,.. .

l’siT1o (M 1’ t%

~v])(!] (: ]{C2 is tlIc ~msitiwl  of the Imt)to]ll  of tfllc  solar  collvcctivc 7,01](!, and Rc) i s  t he

radills  of tllc  S111). ‘1’hc sigl) of 11 and its cl]aIIg,c during  tllc solar cyc]c call bc dctcrlllillcd
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equation is larger t]]at the sccol~d cn]c. ‘Ilis assul]ll)tio])  i s  Imwxl mt tl]c  fact, t])at tl]c

illtcllsity  of tllc toroida]  cor]]]wl]cl]t of t,llc solar IIlagllctic  field is lJIucl  I IIigllcr  tllall tllc

illtcllsitfy of tllc ]Joloidal  field. IIowcvm t,}lc rc]atlivc n]ag;rlitudcs  of tllc  killctic  IIclicity

a)](l tllc  difi<:ro)tial  mtatioll  arc ]morly  kl)o~vll, so that  tj}lis assull)])t,ioll  Ilcds  to l)c

verified by furtl)cr studies. N o w  co)tl])lc~l)clltt,llis  cquatio]]  wit]l tllc  cllca])turc  cfIkwt

discussed il] t})c ]Jrcvicms  scctio]l. IIccamc tllc  a])]mllal]cc o f  Illap,llctic  lool)soll  tllc

sulfau! of t,]lc SUII is Inost,ly  duc LO t]lc  clncr~,yl)cc  o f  tl)c slll)])llC)tc)sJ)llclic  azill)ut,llal

]I]agl)ctic  field ld us assurnc  that  tl)is  cflkct  call bc accounted for  I.)y a tcnn of tllc

fOI’111  - 2fJ]’;]], w]lc1’(! ~;~; = l/2 JlJ2d3T  istfl]ccllcrgyof  tllcazilllutllal  lnagllcticfidcl

ai](l ]) is a Ilorll]alizd  rate of tJIc lna~,lld)ic IIclicity  csca])c. ‘1’l]us  it is assu]JIcd that

IIlap,llctic  IIclic,it,y is cjcdsxl il}to t,l~c solar wi]ld at t)l)c rate ])m~wrt,iorlal to tllc r a te  o f

f lux {:IIlcIgcI1cc:\i~lli(:ll  is ill tuIIl  ])]c)])()]ti()ll:]l  to tl)c illtcnjsityof  tllc  toroidal  field.

l“or 0 colA,aIlt  ill OIIC llclr]is])l~crc  tllc rcsulti~lp,  cquatioll  for t}lc  cvolutioll  of tl)c

l))a{~,rlctic  l]clicitty  Ilow takes tlIc forIIl

011 (1) 11(1)

at =  2( U- p)]’;],(f)-  -
7y$

(4)

Note t]lat iI] i,]]c sL:LIIdaId  sc)][IIc]yII:LIIIc) IIIodcls [x llasdifl’cm)t,  si:,lls ill IlOIt]ICIII  a.lld

SOlli,]l(TJl  }Icl]lis])llc!rcs of tfllc  SUII.

‘J’() al)alyzc  tllc C]laractcr  o f  tllc  sc)lutiolls  of ]l;q. (4) OIIC  ]ias t,() s])ccify t,]Ic  t,illlc

dc]x HIdc IIcc of tllc azilnutlla]  field oIcrgy. ‘J’]Ic si~]l])]cst  assu]n])tio~l is a solar cy(:li{:

d(qm(l(wx+  );]j  = ~’;OCOS2Wt  W} IC1’[!  W  = 27[/22 yCal’S. Ill t h i s  case  l;q. (3) l]as m]

allalytjical  solutlioll

Aft{r a fcw dif]”usiol]  tilncs LIIC first tmlIl  vmlisl}cs,  a]ld tllc  ~naF,l)(!tic l]clicitywil]  l)cl]avc

as a ])criodic  ful]ctior]  wit,]) a ~mriod qua] to IIalf of tlllc solar c.yc]c ~wriod o s c i l l a t i n g

arolllld  tllc  IIlcall Valllc (cl -  p)lto. ‘]’]lcsi~,ll  Of t]~c lll[LF,llCtiC ]lc]icity is dcfiIIcd ~ly t]Ic!
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sip,]] of t,]]c  (]ifl”crt:xlc(!  ((Y - p) a]](l  a(.c,orc]ilig  t,o l’kj. ( 5 ) ,  {lots ]Iot dlangc  frolll cyc]c to

Cyc](’.

‘J’llcordica]  ar$,uT]lcIIts  (see for cxa]ll])lc (;11. 11 Zcltlovic]l  ct al., 1 984) ])]ecli(:t,  tl]at

(t i s  ])osit,ive  ill t}]c lIortlIcrJI IIcltlis])ll(’rc  aJId llc~,ativc  ill tllc  sol]tll]cr]l  IIclnis])llclc.  I f

O]IC :ISSUIIICS t,}]at tllc rate of l]clicity  c:jcctioli  1) is 1(:ss t,lla]l  its ])roduct,ioll I)y t,llc killctic

llclicit)y ill tl~c solar collvwt,ioll  zol]c, tllc  lllcall lllap,llctic  IIdicity, accodillg  (0 l’;q.  ( 5 ) ,

WOU]C] ha~’c t,l]c sal]]c si,gl as 0. ‘1’llesc  siglls sccll]  to l)c ill a~,rf,clllcl]t  wit]) t,llc sip,lls  o f

])l(:(lol~)iIlallt,  cllirality  ill tl~c so]a]  l)t:ll)is~)l~crcs  (SW llltlc)(i~lcti~)ll).  Note,  for t,llc sake of

cl:mity,  t,llat ~)osit,ivc  IIclicity  coIrcs})oIIds to co~ll)tcl-cl[)ckltrisc, i .c. left,-llmldd cl]ilality.

llelicitry  os(:illatiolls  ill I(;c].
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5) is dctcrrl~illcd  by tllc

‘J’}lc turbulmlt  difl”usivity  ill tl]c s o l a r  co]lvcctivc  zol)e l]as })cc]l cstilllatd  to bc almutl
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]“igurc Ca}~t,ions

●
✎

Nigurc 1. A skctcl~ dollol]stratillg  }iow two flux tul)cs  CaII rcwIIIIcct  al.)ovc tlic  solaI  surface

to cwatc a coiled fl(lx tube al)ove tllc surfacw of i}Ie SUII. ‘1’}1(’  ])arts  of tll(’ flux t,lll)cs al)ow’ tllc

solar surfa(:(!  ~1]’c  C] J.2~WII  wit,]) t])i& ]illcs. ‘J’]lc ~):l:ts l)C]OW t]lc  solar su~facc are draw]i wit,ll tl]ill

liltfw,  ‘1’llc  coil al)c)vc t]Ic surface ]]as a ])osit,ivc writlllc, tlic co i l  ilisidc tllc Still  lla.s a IIvgativc

writ}lc so t,l]:Lt  tl)c resulting  IIqrlct,ic  ]Iclicit,y  is z(!M).
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